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Abstract Turbulent flow separation in over-expanded
rocket nozzles is investigated numerically in a sub-scale par-
abolic nozzle fed with cold nitrogen. Depending upon the
feeding to ambient pressure ratio either a free shock sepa-
ration or a restricted shock separation is computed, with a
significant hysteresis between these two flow regimes. This
hysteresis was also found in experimental tests with the same
nozzle geometry. The present study is mainly focused on the
transition between the two shock separation patterns. The
analysis of the numerical solutions aims to provide clues for
the explanation of the hysteresis cycle.

Keywords Rocket nozzle - Flow separation - Hysteresis

1 Introduction

The structure of the liquid rocket engine nozzle flow field
generated by the flow separation that occurs because of a
strong overexpansion has attracted many experimental and
numerical studies [1-11]. The reason why so many studies
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have been carried out on this subject is that the evolution
of flow separation structures during nozzle startup and shut-
down seems to be the main responsible for the generation of
large lateral forces.

The flow separation structures are characterized by dif-
ferent Mach reflections of the separation shock [12]. In fact,
flow separation in supersonic nozzles is accompanied by an
oblique shock necessary to permit the supersonic flow to
deviate and increase its pressure to adapt to the ambient con-
dition. The separation shock always reflects on the nozzle
axis by a Mach reflection, however, this Mach reflection can
show a flat or a curved Mach disk, depending on the proper-
ties of the flow upstream. It is worth noticing that, for thrust
optimized contour nozzles and thrust optimized parabolic
nozzles, the large radial flow gradients ahead of the Mach
disk, which are carried out by the internal shock propagat-
ing from the throat region of these nozzles, yield a curvature
of the Mach disk strong enough to produce a large vortex
in the core of the nozzle exhaust jet. The occurrence of this
vortex, also referred to as “inviscid separation” to emphasize
its origin related to vorticity generated by shock curvature
rather than to boundary layer separation [2], has been con-
sidered questionable for a long time and only recently has
been proved by experimental tests [13, 14]. The existence of
a large recirculating flow region in the nozzle exhaust jet is
not important per se. Rather, it is important for nozzle design
especially because it is accompanied with a deviation of the
supersonic jet towards the wall that can lead to flow reattach-
ment. Experimental and numerical studies have led to the
common understanding that the highest side loads take place
when the flow structure inside the nozzle passes from a con-
dition with the typical separated flow [free shock separation
(FSS)] to a condition featuring the more unusual flow sepa-
ration and reattachment [restricted shock separation (RSS)]
[15-17]. Moreover, an hysteresis range in the Mach reflection
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has been found both numerically and experimentally in
different configurations, like the J-2S sub scale nozzle and
the Vulcain nozzle [1], indicating that transition between FSS
and RSS occurs at a different pressure ratio (PR) depending
if PR is increasing (startup phase) or decreasing (shutdown
phase).

In the present study the startup and shutdown phases of a
sub-scale parabolic nozzle are simulated considering a series
of steady state solutions. The main goal is to look for the
existence of multiple solutions for overexpanded flows at the
same PR, by computations which start from different initial
conditions. These computations aim to verify the width of the
hysteresis range and to provide clues for understanding the
reason leading to different values of the PR for the transition
and re-transition between FSS and RSS.

2 Numerical approach and validation test cases

The analysis of the nozzle flow field is performed by a 2D
axisymmetric time-accurate perfect gas Reynolds averaged
Navier—Stokes solver, based on the approach described in
[18]. The main features of this method are to discretize the
convective terms according to the lambda scheme developed
by Moretti [19]. The discontinuities are solved via a finite
volume Godunov method (hybrid formulation [20]). The vis-
cosity is described by Sutherland’s law. Turbulence is com-
puted by the Spalart and Allmaras [21] one-equation model.
To verify the capabilities of the numerical tool in predicting
the actual flow separation structure in overexpanded nozzles,
two validation test cases have been considered. The first test
case is a truncated ideal contour (ATAC-TIC) sub-scale noz-
zle showing a FSS flow structure, while a sub-scale para-
bolic nozzle (VAC-S1) is considered as a RSS validation test
case. Both simulations are characterized by a computational
domain including the nozzle and an external region at its
exit wide enough to simulate the nozzle discharge in a con-
stant pressure ambient. The enforced boundary conditions
are indicated in Fig. 1, subsonic inflow at the nozzle feeding
chamber (total temperature and total pressure are enforced
together with the flow direction), symmetry axis, adiabatic
wall, subsonic inflow boundary condition on the left side of
the external region (main flow direction is from left to right),
assigned pressure and non-reflecting boundary conditions on
the upper and on the right side, respectively.

2.1 FSS validation test case

The ATAC-TIC nozzle geometry, operating conditions
(working gas, feeding pressure and temperature) and exper-
imental data are taken from [22], which describes the results
of a workshop, where the results computed with the pres-
ent solver are compared with experimental data and other
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Fig. 1 Computational domain and assigned boundary conditions

Fig. 2 ATAC-TIC nozzle at PR = 25; white lines experimental shock
position

Table 1 ATAC-TIC grid resolution

Grid level Inside nozzle Total
1 240 x 60 24,000
11 480 x 120 72,000

computations, showing a good prediction capability. As an
example, Fig. 2 shows the Mach number flow field at the exit
section of the ATAC-TIC nozzle at a pressure ratio PR =
P/ pa = 25, obtained with the second grid level reported in
Table 1. The numerical prediction of the shock position is in
very good agreement with the experimental one, shown by
the white lines in the figure. In particular the position of the
triple point is well captured.

2.2 RSS validation test case

The geometric, operating and experimental data of the
selected parabolic nozzle can be found in [23]. The com-
putational grid data are reported in Table 2. The results for
the parabolic nozzle are summarized in Fig. 3, by comparison
with the experimental wall pressure data at PR = 16. Grid
independence of these results is also shown in Fig. 3. How-
ever, as the present comparison shows, the computed sepa-
ration point at PR = 16 is placed downstream with respect
to the measured position. It is interesting to note that the
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Table 2 VAC-S1 grid resolution

Grid level Inside nozzle Total
I 240 x 120 38,400
I 480 x 240 124,800
0.16 -
014l u Exp. (p/p,=16, Mattsson et al., 1998)
— Numerical | grid (p /p,=16)
—————— Numerical Il grid (p_/p,=16)
0.12 — — — = Numerical | grid (p/p,=15)

x/L

Fig. 3 VAC-SI nozzle at PR = 16: wall pressure profile

qualitative behavior of the RSS pattern is well captured by
the numerical simulations, as it can be seen by comparison
of the numerical solution at PR = 15 with the experimental
data taken at PR = 16. The discrepancy is not surprising
as the prediction of the separation is directly connected to
turbulence modeling, which is responsible of the large dif-
ferences in the prediction of the separation point, as shown
for instance in [22,25].

3 Transition between FSS and RSS

The analysis of the change in the shock separation structure
is carried out for the parabolic VAC-S1 nozzle. This geom-
etry has been selected because it shows both flow separa-
tion structures and because both experimental and numerical
data are reported in [23]. The FSS and RSS computed shock
separation patterns are shown in Fig. 4. At PR = 10, the
FSS pattern is computed, the boundary layer separates and
never re-attaches to the wall. At PR = 14, the RSS pattern is
obtained, the flowfield is characterized by the re-attachment
of the boundary layer to the wall, with the formation of a
closed recirculation bubble (the supersonic separated jet is
confined by the wall).

Because the transition between FSS and RSS is governed
by the PR, successive steady state solutions for different
given PR are computed. Each PR computation uses the

'
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Fig. 4 VAC S1 Mach number flow field; up p./p. = 14, RSS; down
pc/Pa = 10, FSS. Shock nomenclature: a internal shock; b Mach disk;
c reflected shock; d separation shock

previous flow field as initial conditions. This choice does
not affect the shock pattern transition results, because the
characteristic time scale of the chamber pressure variation in
a real hardware is much longer than the gasdynamic char-
acteristic time scale. Therefore, it is a good approximation
to study the transition by a series of steady state solutions.
In [24], the transition between the FSS and the RSS in a para-
bolic nozzle is reported considering a time accurate analysis
of the inlet history based on an engine system simulation.
The importance of the time accurate analysis emerges when
the computation of the side loads is the primary goal.

In the following, the term up-ramping indicates a sequence
of steady state computations starting from PR = 8 and
obtained by increasing the PR at each step. The predicted wall
pressure behavior during the up-ramping is shown in Fig. 5.
Similarly, the term down-ramping indicates a sequence of
steady state solutions computed starting from PR = 16 and
decreasing the PR step by step down to the value of 7 (Fig. 6).
The transition between FSS and RSS can be identified in
Figs. 5 and 6 by the abrupt change in the wall pressure behav-
ior. The computed FSS/RSS transition occurs for PR > 13
during the up-ramping and the re-transition for PR < 8 dur-
ing the down-ramping. Therefore, a significant hysteresis
range takes place which will be analyzed in the following.

3.1 Free shock separation

In the FSS case the wall pressure evolution is mainly gov-
erned by the classical supersonic flow separation [26]. The
first deviation of the wall pressure from the vacuum pro-
file is commonly defined as incipient separation pressure pj.
Then the wall pressure quickly rises to a plateau pressure pp,
which represents the pressure in the subsonic recirculating
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Fig. 5 Wall pressures during the up-ramping
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Fig. 6 Wall pressures during the down-ramping

separated region and is, therefore, slightly lower than the
ambient pressure p,. The resulting flow structure is that
shown if Fig. 4, where the main shocks branches can be
easily identified: the Mach disk (b), the reflected shock (c)
and the separation shock (d).

3.2 Restricted shock separation
In the RSS case, a closed separation zone is formed with

a plateau pressure significantly below the ambient pressure
(the bubble is isolated from the ambient by the supersonic
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Fig. 7 VAC S1 static pressure flow field

jet [16]). As a consequence of this lower value there is a
downstream (upstream) jump of the separation point after
the transition, as shown in Figs. 5 and 6. The main features
of the shock pattern are shown in Fig. 4. The internal shock
(a), originating from the change of curvature between the
throat and the parabolic section, interacts with the Mach disk
(b) before its reflection on the axis of symmetry. As a con-
sequence of this shock/shock interaction there is a sudden
change in the shape of the Mach disk [12], a triple point is
formed by the interaction of the internal shock (a), the Mach
disk (b) and the reflected shock (c) (Fig. 4). The re-attached
supersonic jet undergoes a series of shocks and expansions,
whose number depends on the separation point location, to
adapt to the ambient pressure and this explains the oscillat-
ing wall pressure behavior, with the highest peak greater than
the ambient pressure. Figure 7 shows an enlargement of the
static pressure field in the re-attachment region at PR = 16,
and Fig. 8 shows the shocks in the supersonic confined jet. As
can be seen from the pictures, the whole flow structure can be
interpreted as a series of shock/boundary layer interactions,
where the reflected shock (c) in Fig. 8, acts as an incident
shock and impinges on the wall causing the boundary layer
separation and the first separation shock (d). As the reflected
shock (c) penetrates in the boundary layer it becomes less
intense, changes curvature and originates an expansion wave.
Through this expansion the streamlines deviate toward the
wall, causing the re-attachment of the boundary layer to
the wall and the rise of the re-attachment shock (e). Then
the expansion wave reflects as a shock when it impinges
on the subsonic region of the core flow, which behaves like
a constant pressure region. This reflected shock becomes a
new incident shock (c1), which generates a second separation
bubble. The sequence repeats again a third time, but due to
the lower supersonic Mach number the shock is not intense
enough to generate a third recirculation bubble and there is a
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c : reflected shock
d : separation shock
e : re-attachement shock

P: triple point

Q: intersection point

Subsonic
core flow

Fig. 8 Shocks experienced by the supersonic confined jet
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Fig. 9 Wall friction coefficient, PR = 10 and 16 (up-ramping)

shock reflection without separation. The existence of multi-
ple recirculation bubbles can also be analyzed by looking at
the wall friction coefficient (cf, Fig. 9). For PR = 10 (FSS)
the ¢ becomes negative at the separation point and at the
nozzle lip positive again due to the separation of the back
flow from the ambient. At PR = 16 (RSS), the ¢f behavior
shows two separation and two re-attachment points and that
the second bubble is smaller than the first one. The existence
of different recirculation regions was confirmed experimen-
tally by visualizations by means of coatings in a sub-scale
parabolic nozzle similar to the VAC-S1 [27]. As discussed
in [27], the evacuation of these bubbles during the startup
phase is correlated to the appearance of lateral forces.

A Upfine
v Down fine
8- /\ Up coarse
VY Down coarse
16 A
14 - RSSAA
[ FSS /
&2 A v
o A
T 10 JA'S A\ 4

Fig. 10 Non-dimensional separation point abscissa x;/rg versus
pressure ratio PR

3.3 Hysteresis phenomenon

In the experiments carried out with the VAC-S1 geome-
try [23], it has been shown that the transition between free and
RSS presents an hysteresis phenomenon, the transition from
FSS to RSS occurs at a higher PR than the one observed for
the re-transition from RSS to FSS. The hysteresis cycle has
been obtained in the VAC-S1 by the present numerical sim-
ulations (Figs. 5, 6). The effect of the grid resolution on the
results is shown in Fig. 10, by comparing the separation point
abscissas, normalized with the throat radius x; /7, obtained
at various PR with the two grid levels reported in Table 2.
The FSS structure was obtained by increasing the PR up to
12, step by step (PR = 8, 10, 12). The transition from FSS to
RSS appears when the PR increases from 12 to 13. Then the
RSS pattern becomes the stable flow structure, which remains
also if PR is decreased down to the value of 8. Only a further
decrease from 8 to 7 switches the separation structure back
to FSS. The result is that there is a range of PR where two
possible solutions exist. This range is referred to as hystere-
sis range. The numerical simulations provide a shifted range
with respect to the experimental one: 8§ < PR < 12 (pres-
ent results) and 13 < PR < 15 (experimental data [23]).
This disagreement could be due to the turbulence model, as
already stated in the RSS validation section. The analysis of
the separation point abscissa (x; /ry) versus the PR (Fig. 10)
also shows that there is a linear correlation between these
two variables, which was found experimentally for a sub-
scale truncated ideal nozzle [28]. It is interesting to note that,
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Up ramping
transition

Fig. 11 VAC S1 Mach number contour lines during the up-ramping

Down ramping
transition

12 14 16

8 10

Fig. 12 VAC S1 Mach number contour lines during the down-ramping

because of the hysteresis, there are two distinct linear trends,
one for FSS and one for RSS, with similar inclination.

A possible interpretation of the existence of the hystere-
sis range can be inferred from the analysis of the computed
data. To this goal the Mach number contour lines obtained at
different PR during the up-ramping and the down-ramping
are superimposed in Figs. 11 and 12, respectively, where the
internal shock position is emphasized by a black line. During
the up-ramping the transition from FSS to RSS occurs when
the internal shock intersects the separation shock below the
triple point. In fact, if the intersection point is above the tri-
ple point the internal and the separation shocks are of the
same family and coalesce. On the other hand if the intersec-
tion point is below the triple point the internal shock inter-
sects the Mach disk and the up stream radial gradient changes
the Mach reflection curvature with the downstream jump of
the separation point. During the down-ramping (Fig. 12) the
re-transition occurs in a similar manner: when the intersec-
tion point (Q in Fig. 8) between the reflected shock (c) and
the separation shock (d) reaches the internal shock (a), the
Mach reflection changes configuration again and the FSS
pattern is obtained, with the upstream jump of the separa-
tion point. This downstream or upstream sudden movement
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Fig. 13 VAC S1 wall pressure

is important in order to understand the hysteresis phenom-
enon. Figure 13 shows the wall pressure for PR = 12 and
13 (up-ramping) and for PR = 12 (down-ramping), so as to
compare both FSS and RSS solutions at PR = 12 and RSS at
PR = 13. The ratios between the chamber pressure p. and the
plateau pressure p,, for each solution shows that the plateau
pressure is slightly below the ambient value in case of FSS
and much lower than the ambient pressure in case of RSS.
Therefore, the sequence PR = 12, 13, 12 corresponds to the
sequence PR, = 16.2,26.2, 25, where PR, = p./pp. This
helps explaining the hysteresis: the separation point position
depends on the value of the plateau pressure ratio PR;, rather
than on the nominal pressure ratio PR. Therefore, two dif-
ferent PR, with two different correlated positions of x; can
correspond to the same nominal PR. Figure 14 shows that if
the separation point abscissas are plotted versus PR, the data
collapse on a single linear correlation and that for x; /rg, < 3
(approximately) there are only FSS solutions (FSS domain),
while for x;/ry, > 3 there are only RSS solutions (RSS
domain). It is also possible to observe that during the up-
ramping the solutions can cover all the positions in the FSS
domain. When the separation point enters the RSS domain
there is a jump in terms of x; and PR}, due to the transition
from FSS to RSS. In a similar way, during the down-ramping
the solutions can cover all the positions in the RSS domain.
When the separation point enters the FSS domain there is
again a jump of PR, and an upstream jump of the separation
point due to the re-transition from RSS to FSS. The no-solu-
tion regions, one in the RSS domain during the up-ramping
and one in the FSS domain during the down-ramping, are
responsible for the presence of the hysteresis. Finally, due
to the single-valued relationship between x; and PRy, a sin-
gle transition point can be individuated around PR, = 15.
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Fig. 14 Non-dimensional separation point abscissa x; /ry versus the
plateau pressure ratio PR, = p¢/pp

Therefore, the plateau pressure ratio can be used as a param-
eter to individuate a single point for the transition and
re-transition between the separation patterns.

4 Conclusion

The numerical analysis of the two different shock separa-
tion patterns that take place in a sub-scale parabolic noz-
zle has shown that the transition from FSS to RSS, during
the startup phase, occurs when the internal shock intersects
the separation shock below the triple point, that is when it
impinges on the Mach disk. The re-transition happens in a
similar way, when the intersection point between the sep-
aration shock and the reflected shock reaches the internal
shock the RSS pattern changes into FSS pattern. The numer-
ical simulations were also able to reproduce an hysteresis
phenomenon in the transition between the free and the RSS
patterns, at the same chamber to ambient pressure ratio both
solutions can be obtained, depending on the initial condi-
tion. The hysteresis can be explained by the lower plateau
pressure pp in the closed recirculation bubble with respect
to the FSS case. Therefore, the same nominal PR = p./p,
can correspond to two different chamber to plateau pressure
ratios PR, = p/pp with two different values of the sepa-
ration point abscissa: one in the FSS domain and one in the
RSS domain. When considering the ratio PRy, a single lin-
ear correlation with x; and a single transition point can be
individuated.
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